The water in the organic solvents sometimes exerts quite a large effect on the equilibria, the existing state and the structure of solutes. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Particularly, in the solvent extraction study, since the solutes in the water-saturated organic solution are discussed, hydration of the solutes in the organic phase is a very important subject. It has been demonstrated that the water molecules are coextracted with the metal ions, 11-14 the metal complexes, [14] [15] [16] [17] and the inorganic anions 2, 3, [18] [19] [20] into the organic solvents, and the mean hydration numbers of these solutes in the organic phase were determined.
Introduction
The water in the organic solvents sometimes exerts quite a large effect on the equilibria, the existing state and the structure of solutes. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Particularly, in the solvent extraction study, since the solutes in the water-saturated organic solution are discussed, hydration of the solutes in the organic phase is a very important subject. It has been demonstrated that the water molecules are coextracted with the metal ions, [11] [12] [13] [14] the metal complexes, [14] [15] [16] [17] and the inorganic anions 2, 3, [18] [19] [20] into the organic solvents, and the mean hydration numbers of these solutes in the organic phase were determined.
There have been numerous studies about the ion-pair extraction of the crown ether complexes; extractability and selectivity of the metal ions have been discussed by using the overall extraction equilibrium constant and its component equilibrium constants. 21, 22 On the other hand, in recent years, hydration of the crown ether molecules and complexes has been also studied by both the theoretical [23] [24] [25] [26] [27] [28] [29] [30] [31] and experimental [32] [33] [34] [35] [36] [37] approaches, but most of these studies were in aqueous solution. Studies concerning hydration in the wet-organic solvents for the crown ether system are scarce.
Iwachido et al. 14 reported on the hydration number of the alkali and alkaline earth metal ions and of those complexes with several crown ethers or cryptands in the water-saturated NB. We reported on the hydration number of the alkali metal ions and barium ion complexes with the non-cyclic poly-(oxyethylene) compounds (POE compounds) or 18-crown-6 (18C6) in the water-saturated 1,2-DCE. 17 However, the information for hydration in the wet-organic solvents for the crown ether system is still insufficient, and particularly information is lacking about hydration in various organic solvents. Therefore, in this study, we have investigated the coextraction of water with B15C5, B18C6 and the B18C6-K + complex into seven relatively low-polar solvents which are usually employed for the extraction study of crown ethers. The mean hydration number and hydration equilibrium in the solvents saturated with water are discussed.
Experimental

Reagents
B15C5 and B18C6 were purchased from Tokyo Kasei, and were used without further purification. Organic solvents (Wako Pure Chemicals): CTC, CF, DCM, 1,2-DCE, BZ, CB and o-DCB, were washed three times with distilled water. Potassium picrate was prepared from its hydroxide and picric acid (Wako), and was recrystallized twice from distilled water. Other chemicals were of analytical reagent grade.
Procedure
For distribution of free crown ethers, a portion of an organic solution (20 ml) containing B18C6 (0 -0.06 mol dm -3 ) or B15C5 (0 -0.1 mol dm -3 ) was shaken with an equal volume of water in a centrifuge tube (50 ml) in a thermostated water bath for 1 h at 25.0 ± 0.1˚C. After centrifugation, the water concentration of the organic phase was determined by the coulometric Karl-Fischer titration (Kyoto Electronics MKC-210).
For distribution of potassium picrate with B18C6, a portion of an aqueous solution (20 ml) containing potassium hydroxide (1 × 10 -3 mol dm -3 ), an equal volume of an organic solution containing B18C6 (0 -0.06 mol dm -3 ) and an excess amount of potassium picrate as the solid state were placed in a centrifuge tube (50 ml). These contents were shaken for 1 h at 25.0 ± 0.1˚C. In order to prevent distribution of the acid form of picrate into the organic phase, these distribution experiments were carried out at pH 10 -11. After centrifugation, the concentrations of water, cH2O,o, and picrate ion, cPic,o, in the organic phase were determined by the coulometric Karl-Fischer titration and spectrophotometry, 9 respectively.
Results and Discussion
Hydration number of free B15C5 and B18C6
The concentrations of water in the pure organic solvents equilibrated with water were determined and are listed in Table  1 38 and Kd,L = 5.50 (CTC), 39 22 .8 (o-DCB), 39 24 .5 (CB), 39 20 (BZ), 40 250 (CF), 41 85 (1,2-DCE), 42 and >100 (DCM) 43 for B15C5, in which the B18C6 system is shown in Fig. 1 as an example. The mean number of water molecules bound to one B18C6 molecule in the water-saturated organic phase, nH2O,L, was obtained from the slope of the plots in Fig. 1 . The nH2O,L values for B15C5 were also obtained in the same manner. The values of nH2O,L for B15C5 and B18C6 are listed in Table 1 and plotted in Fig. 2 as a function of the water concentration of the water saturatedorganic solvents, cH2O,S,o.
As can be seen from Fig. 2 , the nH2O,L values increase with increasing cH2O,S,o. For B18C6 in CF, DCM, 1,2-DCE and NB, i.e., in the range of cH2O,S,o = 0.07 -0.18 mol dm -3 , the nH2O,L values are almost 0.8. The computer simulation studies by Kowall and Geiger 24 and by Tompson 23 showed that 18C6 in water strongly binds two water molecules by doubly hydrogenbonding. This conclusion was supported by recent IR spectral studies. 32, 33 In contrast with the result in water, our results suggest that the dominant species of B18C6 is the monohydrated one in the water saturated-CF, DCM, 1,2-DCE and NB. Since the nH2O,L value seems to converge at almost 0.8 in spite of change in cH2O,S,o, the higher hydration may occur only slightly or with much difficulty in these solvents. The nH2O,L values for B18C6 in o-DCB, CB and BZ, cH2O,S,o = 0.023 -0.036 mol dm -3 , are roughly equal to 0.4. In these solvents, B18C6 must be mostly in equilibrium between non-hydrated and monohydrated species. B18C6 in CTC, cH2O,S,o = 0.009 mol dm -3 , is only slightly hydrated, i.e., nH2O,L = 0.13.
The hydration number of B15C5 is about one-half of that of B18C6 for a given solvent, although the values for B15C5 and B18C6 in CTC are almost the same, and the abundance for the non-hydrated species of B15C5 is higher than the hydrated one in any organic solvent. The nH2O,L values for crown ethers in 1,2-DCE are plotted as a function of the number of ethyleneoxide (EO) units in Fig. 3 , in which the values for the non-cyclic POE compounds, i.e., poly(oxyethylene)monododecyl ethers [DEOx; x (number of EO units) = 4, 6 and 8], are also plotted for a comparison. 17 As can be seen from Fig. 3 , the nH2O,L values for DEOx linearly increase with increasing EO units. The mean number of water molecules bound to one EO unit for DEOx is 0.16 -0.18. 17 Since hydration to the POE compound molecule must be attributable to the interaction between hydrogen atoms of water and oxygen atoms of the POE compound molecule, the result that the POE compound molecule having the large number of oxygen atoms has the large hydration number is reasonable. However, the large increment of the nH2O,L value from B15C5 to B18C6, ca. 0.4/EO, can not be explained by only the number of oxygen atoms of the crown ether, i.e., 5 (B15C5):6 (B18C6).
Nickolov et al. 32 investigated the hydration of 15C5 and 18C6 in water by IR spectroscopy, and concluded that 18C6 is strongly hydrated by doubly hydrogen-bonded water molecules, while 15C5 is hydrated mostly by single hydrogen-bonded water molecules, in which the water molecules stay outside the crown planar ring. The size of the water molecule (diameter of approximately 2.8 Å, if one assumes a sphere) 44 agrees with the cavity size of 18-membered ring crown ether (2.9 ± 0.3 Å) 45 and is too large for that of 15-membered ring crown ether (2.0 ± 0.2 Å). 45 Therefore, the 18-membered ring crown ether must be suitable for doubly hydrogen-bonding with the water molecule, while the 15-membered ring crown ether is too small to do it successfully. There appears to be a size-fitting effect even for the water-crown ether interaction. The results for B15C5 and B18C6 in the present system must be interpreted by these sizefitting effect.
Hydration number of the B18C6-K + complex
The water concentration in the organic phase without B18C6, which is equilibrated with the aqueous potassium picrate solution, was equal to that in the organic solvent equilibrated with pure water within the experimental error for each organic solvent system. This result suggests that the change in the ionic strength in the aqueous phase has no effect on the water concentration in the organic phase under the conditions of the present study and confirms that distribution of potassium picrate without crown ethers is negligible.
Potassium ion, K + , forms a 1:1 cationic complex, KL + , with B18C6, L, and this complex is extracted as an ion pair with picrate ion, Pic -, into the organic phase. 22 Since potassium picrate is not extracted into the organic phase without B18C6, the concentration of the KL + complex in the organic phase, cKL,o, is equal to that of picrate ion in the organic phase, cPic,o. The water concentration in the organic phase, cH2O,o, must be composed of that of water dissolved in the organic solvent, cH2O,s,o, and those of hydration water of the uncomplexed free B18C6, cH2O,L,o, and the complex, cH2O,KL,o. Therefore, we can calculate the mean number of the water molecules bound to one complex molecule in the water-saturated organic phase, nH2O,KL, by Eq. Table 1 and plotted in Fig. 2 as a function of cH2O,S,o. The value of nH2O,KL is the degree of one-third or one-fourth of the nH2O,L value for B18C6 for a given solvent. Although the nH2O,KL value increases gradually with increasing cH2O,S,o up to NB, the dominant species of this complex in the solvents
studied here is the non-hydrated one. Therefore, it is found that the hydration to the B18C6-K + complex does not play an important role when we consider the existing state and the equilibrium in these solvents. The water molecule bound to the crown ether complex is that hydrated to the central metal ion. 14, 17 It is well known that K + has the optimal size to fit into the cavity of the 18-membered ring crown ethers. Therefore, the small value of nH2O,KL for the KL + complex can be interpreted by the model that the B18C6 molecule conceals K + and thus the water molecule can not satisfactorily interact with K + in the complex.
Hydration constant
If we assume a formation of the mono-hydrated species only, the hydration constant for B15C5, B18C6 (L) or the B18C6-K + (KL + ) complex in the organic phase is defined by:
Moreover, the mean hydration number in the organic phase is respectively defined by:
From Eqs. (2) and (4) or Eqs. (3) and (5), we obtain Eq. (6) . We tentatively compared the calculation curve by Eq. (6) with the experimental results in Fig. 2 . The dotted lines in Fig. 2 are the calculation curves at some appropriate KH2O,o values. From  Fig. 2 , we found that the difference in the value of KH2O,o among the organic solvents is not so large, although the hydration to crown ethers in the water-saturated CF may be somewhat favorable. This fact suggests that the difference in the nH2O values among the organic solvents is mainly dependent on the change in cH2O,S,o in these inert organic solvents, except for CF. Approximately, the KH2O,L,o values in these organic solvents are 15 -40 for B18C6 and 5 -15 for B15C5. The hydration constant of the B18C6-K + complex, KH2O,KL,o, is less than 8 in organic solvents studied here. To our knowledge, few values of hydration constants in the low-polar organic solvents have been reported. Although the values of the hydration constants estimated in this study are approximated values, these values should provide valuable information for understanding the related chemistry equilibrium in the organic solvents.
